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Rotavirus cell entry is a multistep process, not completely understood, which requires at least four interactions between the virus and cell
surface molecules. In this work, we investigated the role of the sphingolipid- and cholesterol-enriched lipid microdomains (rafts) in the entry
of rotavirus strain RRV to MA104 cells. We found that ganglioside GM1, integrin subunits a2 and h3, and the heat shock cognate protein 70
(hsc70), all of which have been implicated as rotavirus receptors, are associated with TX-100 and Lubrol WX detergent-resistant membranes
(DRMs). Integrin subunits a2 and h3 were found to be particularly enriched in DRMs resistant to lysis by Lubrol WX. When purified RRV
particles were incubated with cells at 4 jC, about 10% of the total infectious virus was found associated with DRMs, and the DRM-
associated virus increased to 37% in Lubrol-resistant membrane domains after 60-min incubation at 37 jC. The virus was excluded from
DRMs if the cells were treated with methyl-h-cyclodextrin (MhCD). Immunoblot analysis of the viral proteins showed that the virus surface
proteins became enriched in DRMs upon incubation at 37 jC, being almost exclusively localized in Lubrol-resistant DRMs after 60 min.
These data suggest that detergent-resistant membrane domains play an important role in the cell entry of rotaviruses, which could provide a
platform to facilitate the efficient interaction of the rotavirus receptors with the virus particle.
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Rotaviruses, the leading cause of severe dehydrating
diarrhea in infants and young children worldwide, are non-
enveloped viruses formed by three concentric layers of
protein that enclose a double-stranded RNA (dsRNA) ge-
nome. The innermost layer is formed by protein VP2, the
intermediate layer is constituted by VP6, and the outermost
layer is composed of glycoprotein VP7, which forms the
smooth surface of the virus. From this surface projects
spike-like structures formed by VP4 (Estes, 2001). VP4 is
cleaved by trypsin into subunits VP5 and VP8, and this
cleavage is associated with the penetration of the virus into
the cell (Estes, 2001).0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: arias@ibt.unam.mx (C.F. Arias).Rotaviruses have a specific cell tropism in vivo, infecting
primarily the mature enterocytes at the tip of intestinal villi,
and the susceptibility of these cells seems to be limited to a
narrow age window (Ciarlet et al., 2002). In vitro, they are
able to infect transformed cell lines derived from breast,
stomach, bone, or lung, but rotavirus infection is most
permissive in epithelial cell lines of renal and intestinal
origin (Ciarlet et al., 2002; Estes, 2001).
The early interactions of rotaviruses with the host cell are
complex processes that probably occur by sequential inter-
actions of the viral surface proteins with at least four
different cell-surface molecules (Arias et al., 2001; Lo´pez
and Arias, 2003; Me´ndez et al., 1999). The initial contact of
rotaviruses with the cell surface is mediated by either a
neuraminidase-sensitive or a neuraminidase-resistant cell
molecule, depending on the virus strain. Several cell surface
proteins have been implicated as attachment receptors for
rotaviruses, including gangliosides GM1 and GM3, and
integrin a2h1 (Graham et al., 2003; Guo et al., 1999;
Hewish et al., 2000; Rolsma et al., 1998; Za´rate et al.,
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attachment, it has been shown that both neuraminidase-
resistant and neuraminidase-sensitive rotavirus strains use
integrin aVh3 and the heat shock cognate protein 70
(hsc70) as post-attachment receptors (Guerrero et al.,
2000a, 2002; Lo´pez and Arias, 2003). In addition, integrins
aXh2 and a4h1 have also been suggested to participate
during rotavirus infection (Coulson et al., 1997; Guerrero et
al., 2000a). VP4 is responsible for the attachment of the
virus to the cell surface (Estes, 2001), and also for post-
attachment interactions with integrin a2h1 (Ciarlet et al.,
2002; Za´rate et al., 2000a) and hsc70 (Za´rate et al., 2003),
while VP7 interacts with integrins aVh3 and axh2 at a
virus post-binding step (Graham et al., 2003; Za´rate S.,
personal communication).
Although several cell molecules have been implicated as
rotavirus receptors, the mechanism by which rotaviruses are
internalized into the cell remains controversial. It has been
suggested that rotaviruses can enter the cell by direct
penetration through the cell membrane or by receptor-
mediated endocytosis (Fukuhara et al., 1987; Kaljot et al.,
1988; Petrie et al., 1981; Quan and Doane, 1983; Ruiz et
al., 2000). More recently, we have described that rotavirus
cell entry occurs through a caveolae- and clathrin-indepen-
dent endocytosis, which is dependent on functional dyna-
min (Sanchez-San Martin et al., 2004). We have also
shown that depletion of cholesterol from the cellular
membrane by methyl-h-cyclodextrin (MhCD) severely
impairs the infectivity of rotaviruses, although not affecting
the binding of infectious particles (Guerrero et al., 2000b),
and have suggested that sphingolipid- and cholesterol-
enriched membrane lipid microdomains, usually called
‘‘lipid rafts’’ (Brown and London, 1998; Simons and
Ikonen, 1997), might be involved in rotavirus cell entry
(Arias et al., 2001; Guerrero et al., 2000b; Lo´pez and Arias,
2003).
Lipid rafts have been proposed to exist in cell mem-
branes as result of the differential affinity associations of
lipids (Brown, 2001; Pralle et al., 2000). These micro-
domains have been shown to be resistant to solubilization
with mild detergents, and thus can be isolated as detergent-
resistant membrane (DRM) fractions by density centrifuga-
tion (Brown and Rose, 1992). There is growing evidence for
the existence of heterogeneity among membrane lipid
microdomains, which differ in their lipid and protein com-
position, physical properties, and biological functions
(Drobnik et al., 2002; Madore et al., 1999; Mairhofer et
al., 2002; Roper et al., 2000; Schuck et al., 2003; Slimane et
al., 2003; Vinson et al., 2003). Lipid microdomains can be
distinguished by their differential solubility in detergents,
and Triton X-100 (Triton) and Lubrol WX (Lubrol), among
others, have been shown to separate functional distinct rafts
(Drobnik et al., 2002; Roper et al., 2000; Slimane et al.,
2003; Vinson et al., 2003).
In this work, we investigated the role of detergent-
resistant lipid domains in rotavirus cell infection. We foundthat some of the molecules, which have been implicated as
rotavirus receptors, as well as the neuraminidase-sensitive
rotavirus strain RRV, associate with Lubrol-resistant lipid
rafts. This virus–lipid raft association is suggested to be
important for virus cell infection.Results
Rotavirus receptors associate with DRMs
As a first approach to assess the role of cholesterol-
enriched detergent-resistant membrane (DRM) domains in
the cell entry of rotaviruses, we determined if molecules that
have been implicated as receptors for these viruses were
present in DRMs. DRMs are resistant to extraction with non-
ionic detergents at low temperatures and float to a low
density during isopycnic gradient centrifugation, thus they
can be physically separated from the soluble cellular pro-
teins, which remain at the bottom of the gradient (Brown and
Rose, 1992). DRMs were purified from MA104 cells after
cold lysis with either Triton X-100 (Triton) or Lubrol WX
(Lubrol) by centrifugation in discontinuous iodixanol gra-
dients. Fractions were collected from the top of the gradients
and the protein composition of each fraction was analyzed by
immunoblotting. Caveolin 1 and ganglioside GM1, which
are known to associate with rafts (Dietrich et al., 2001; Smart
et al., 1995), were found mainly in fractions 2 and 3
(corresponding to the low-density region of the gradient) in
both Triton- and Lubrol-extracted cells (Fig. 1A). As
expected, the cell surface glycoprotein CD46, reported to
be absent from rafts (Manie et al., 2000), was found almost
exclusively in the three higher-density fractions of the
gradient (Fig. 1A).
Based on these results, the low-density fractions 2 and 3
were considered to contain bona fide DRMs, and the three
fractions with higher density (fractions 8–10) to represent
soluble proteins. The intermediate-density fractions 4–7
contain proteins that floated during the gradient centrifuga-
tion, and therefore should be associated with lipids, al-
though these protein– lipid complexes have not been
characterized and may represent semi-disaggregated rafts
or other type of associations of proteins with cellular lipids.
Methyl-h-cyclodextrin (MhCD) is a commonly used
agent to deplete the cell membrane of cholesterol, promot-
ing the disruption of the cholesterol-enriched rafts, with the
consequent release of the raft-associated proteins (Ilangu-
maran and Hoessli, 1998). As expected, treatment of
MA104 cells with MhCD before lysis with Triton resulted
in a shift of caveolin 1 and GM1 to the higher-density
fractions of the gradient; however, this treatment had a less
pronounced effect on the integrity of Lubrol-resistant DRMs
(Lubrol-DRMs), as judged by the still abundant presence of
both molecules in the lighter fractions of the gradient
(Fig. 1A). Similar observations have been published recent-
ly where different susceptibility of DRMs to solubilization
Fig. 1. Rotavirus receptors associate with DRMs. MA104 cells previously incubated or not with 10 mM MhCD were lysed with 1% Triton X-100 or Lubrol
WX at 4 jC, and subjected to density gradient centrifugation in discontinuous iodixanol gradients, as described in Materials and methods. The proteins in equal
volumes of individual fractions were separated by SDS-PAGE (12.5%, 11%, or 7.5%), transferred to a nitrocellulose membrane, and probed with rabbit
antibodies to either caveolin 1, CD46, or integrin subunit a2, with a mouse monoclonal to hsc70 (B6), or with goat antibodies to integrin subunit h3, followed
by an appropriate peroxidase-labeled secondary antibody. For GM1 detection, the samples were applied to nitrocellulose with a slot blotter and developed using
a horseradish peroxidase-conjugated cholera toxin B subunit. A representative Western blot of at least three different experiments carried out is shown.
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reported (Abrami and van der Goot, 1999; Hansen et al.,
2001; Roper et al., 2000; Slimane et al., 2003). In this
regard, the recent description of stable, cholesterol-indepen-
dent, microdomains is also of interest (Hansen et al., 2001;
Milhiet et al., 2002).
Next, we proceeded to determine if the cell molecules that
have been implicated as rotavirus receptors were associated
with DRMs. After lysis with Triton, small amounts of the
heat shock protein hsc70 and of integrin subunits a2 and h3
were found to be associated with these membrane micro-
domains, and this association was cholesterol-dependent
because it was disrupted when the cells were treated with
MhCD before lysis (Fig. 1B). In contrast to these findings,
when the cells were lysed with Lubrol, integrin subunits a2
and h3 were highly enriched in DRMs, whereas the distri-
bution of hsc70 was similar to that observed in Triton-
extracted cells (Fig. 1B). Similar to what was observed with
caveolin 1 and GM1, in cells lysed with Lubrol, the depletionof cholesterol with MhCD resulted only in the partial
solubilization of integrin subunits a2 and h3, and hsc70
(Fig. 1B).
To determine if the detected DRMs came from the cell
plasma membrane, DRMs were prepared from cells whose
surface proteins had been biotinylated with a membrane-
impermeable biotin reagent before detergent lysis and anal-
ysis by density centrifugation. Both Triton- and Lubrol-
DRMs were found to contain biotinylated plasma membrane
proteins; however, as observed previously for MDCK cells
(Schuck et al., 2003), the amount of biotinylated proteins in
the DRMs obtained with different detergents varied widely
(Fig. 2A). Triton was a more selective detergent, as less
biotinylated proteins, and in general, less protein, as detected
by Coomassie blue staining (not shown), was found to be
associated with Triton-resistant DRMs when compared to
Lubrol-resistant DRMs (Fig. 2A). Of interest, the electro-
phoretic pattern of the proteins in Triton-DRMs seems to be
different from that of Lubrol-DRMs; there are several
Fig. 2. Purified DRMs are from plasma membrane. Surface-biotinylated
MA104 cells were extracted with 1% Triton X-100 or Lubrol WX, and
DRMs were prepared by flotation in discontinuous iodixanol density
gradients. Equivalent aliquots of the DRMs fractions were analyzed by
PAGE and immunoblot either directly (A) or after immunoprecipitation
with a polyclonal antibody to integrin h3 subunit (B). The biotinylated
proteins were revealed using peroxidase-conjugated streptavidin. Repre-
sentative Western blots of at least two different experiments carried out are
shown.
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which are not appreciated in Triton-resistant DRMs, and
there is also at least one protein (just above the 32.5-kDa
marker) enriched in Triton-resistant DRMs, which seems to
be absent in Lubrol-resistant DRMs (Fig. 2A). These results
suggest that some proteins associated with Triton-DRMs
may be solubilized by Lubrol. Next, we verified the presence
of rotavirus receptors in plasma membrane DRMs. For this,
cells were surface biotinylated, lysed with Triton or Lubrol,
and subjected to density gradient centrifugation. Integrin h3
was immunoprecipitated from fractions corresponding to
DRMs (fractions 2 and 3) and soluble proteins (fractions
8–10), and its level of biotinylation investigated by blotting
of the immunoprecipitated proteins and visualization with
peroxidase-conjugated streptavidin. In agreement with the
results shown in Fig. 1, very small amounts of biotinylated
h3 was observed in DRM fractions resistant to lysis by
Triton, with the majority being present in the soluble part of
the gradient (Fig. 2B), although the ratio of DRM to soluble
h3 increased substantially when the cells were extracted with
Lubrol (Fig. 2B). Altogether, these results indicate that
purified DRMs originate from the plasma membrane and
they contain integrin avh3. Integrin a2 was poorly, and
hsc70 was not, detected under these conditions (not shown),
most probably, because their amount in DRMs, as seen in
Fig. 1, is very low.
Infectious viruses associate with DRMs
As shown above, four of the molecules proposed to be
involved in rotavirus cell entry were shown to be present in
DRMs. To test if the viral particles also associate with thesemicrodomains, purified triple-layered particles (TLPs) of
rotavirus RRV were incubated with MA104 cells in suspen-
sion (treated or not with MhCD) for 1 h at 4 jC. After
washing unbound virus, the cells were lysed either with
Triton or Lubrol, and subjected to density gradient centri-
fugation. The presence of virus in the gradient fractions was
detected by immunodetection of the viral proteins and by an
infectivity assay. Regardless of the detergent used, a fraction
of the input viral proteins was found to be associated with
DRMs (Fig. 3A), and pretreatment of cells with MhCD
prevented this association, shifting the viral proteins to the
soluble fractions of the gradient (Fig. 3B). As control for the
specificity of the association of mature, infectious TLPs
with DRMs, noninfectious DLPs were either incubated with
the cell before detergent extraction or added to cell lysates
after detergent lysis, but before gradient analysis. In the first
case, no virus was detected in the gradient, because DLPs
did not attach to the cell surface (not shown), whereas in the
second case, the virus was found in the soluble fractions of
the gradient, not associated with DRMs (Fig. 3C).
Analysis of the distribution of virus by a focus-forming
units infectivity assay showed that 12% and 7% of the
infectious viral particles loaded in the gradient were asso-
ciated with Triton- and Lubrol-DRMs, respectively
(Fig. 4A), although the rest of the virus was found mainly
in the fractions containing detergent-soluble proteins. In
MhCD-treated cells, only about 1% of the infectious virions
remained associated with DRMs (P < 0.01 and P < 0.05,
respectively) (Fig. 4B). These results indicate that a fraction
of the infectious virus adsorbed to the surface of MA104
cells at 4 jC is associated with DRMs and this association is
cholesterol-dependent, as suggested by the significant
change of DRM-associated virus upon cholesterol depletion,
and it also depends on the presence of the virus surface
proteins, as DLPs did not associate with DRMs.
Viral particles become enriched in Lubrol-DRMs during cell
entry
Although rotaviruses are able to bind to the cell surface
at 4 jC, the temperature has to be increased to 37 jC for the
viruses to enter the cell (Keljo and Smith, 1988; Me´ndez
et al., 1999). We hypothesized that if rafts are involved in
rotavirus cell entry, the viral particles bound to the cell
surface at 4 jC should translocate to, and thus get enriched
in, rafts when the temperature is shifted to 37 jC. To test
this hypothesis, purified TLPs were adsorbed to cells for 1
h at 4 jC and, after washing the unbound virus, aliquots of
these cells were left either on ice (time 0) or shifted to 37
jC for 5 min (time 5) or 60 min (time 60), followed by lysis
with cold Triton or Lubrol, and density centrifugation. The
viral proteins and infectious virus present in each gradient
fraction were analyzed. Sixty-six percent of the original
input infectious virus was recovered in the whole gradient
after 5 min of incubation at 37 jC, and this percentage
decreased to 22% after 60 min of incubation (Fig. 4). The
Fig. 4. Infectious rotavirus particles associate with DRMs after virus cell binding. Untreated cells (A, C, D) or MhCD-treated cells (B) were incubated with
purified RRV TLPs for 1 h at 4 jC. After this time, the unbound virus was removed and the cells were left on ice (time 0) (A and B) or incubated at 37 jC for 5
min (time 5) (C) or 60 min (time 60) (D), followed by lysis of the cells and analysis of the proteins by density gradient centrifugation in iodixanol. The viral
titer in each fraction was determined by a standard immunoperoxidase focus-forming assay, as described in Materials and methods. The percentage of total
infectious virus recovered from each gradient is shown in top right corner of each panel, with 100% (usually between 3.5 and 6  107 total ffu’s) being the
infectious virus recovered from a gradient loaded with cells incubated with virus particles for 60 min at 4 jC, and lysed with the indicated detergents. The
percentage of infectious virus detected in three regions of the gradients is shown in panels A–D, with 100% being the total amount of infectious virus
recovered from each gradient after incubation of the cells with the virus particles under the indicated condition. The standard error is shown. Statistically
significant differences (Mann–Whitney U test) between amount of virus detected in each region of the gradient of cells incubated for 60 min at 4 jC, as
compared to the corresponding gradient regions from cells treated under different conditions, are shown (*P < 0.05; **P < 0.01; ***P < 0.001).
Fig. 3. Rotavirus structural proteins associate with rafts after virus cell binding. Untreated MA104 cells (A) or cells previously incubated with 10 mM MhCD
(B), or cells lysed with 1% Triton X-100 or Lubrol WX (C) were incubated with purified RRV TLPs (A and B) or with purified DLPs (C) for 1 h at 4 jC. After
this time, the unbound virus was removed (in A and B) and the cells were lysed and subjected to density gradient centrifugation in iodixanol. The proteins in
equal volumes of individual fractions were detected by immunoblot using monoclonal antibody HS2 for VP4 and VP5, and a rabbit anti-rotavirus polyclonal
serum for VP6 and VP7. A representative Western blot of at least three different experiments carried out is shown.
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of the virus from the cell surface because neither infectious
virus nor viral proteins were detected in the culture medium
after the different incubation times (data not shown).
When the distribution of infectious virus and viral
proteins in the different regions of the gradient was ana-
lyzed, clear changes were observed upon incubation at 37
jC. After 5 min, there was a significant higher proportion of
infectious virus associated with both Triton- (25%) and
Lubrol-DRMs (30%), as compared to time 0 (P < 0.01
and P < 0.05, respectively), with a concomitant decrease of
infectious virus in the soluble fractions of cells extracted
with Triton (from 79% at time 0 to 55% at time 5) or Lubrol
(from 89% at time 0 to 51% at time 5) (P < 0.001 and P <
0.05, respectively) (Fig. 4C). These observations correlatedFig. 5. The viral surface proteins become enriched in Lubrol rafts upon incubation a
aliquots of cells with virus were left either at 4 jC (time 0), or incubated at 37 jC f
immediately chilled, washed, and lysed with either cold Triton X-100 or Lubrol
described in the legend to Fig. 3. (A) A representative Western blot of at least fou
proteins in the soluble and DRMs fractions by densitometry. The average from at le
of each protein over all 10 fractions. The standard error is indicated. Statistic
concentration at times 0 and 60 ( P V 0.05) are indicated with an asterisk (*).with the distribution of proteins analyzed, which also
became enriched in both Triton- and Lubrol-DRMs at time
5 min, although this increase was not statistically significant
(Fig. 5B).
In contrast to what was observed after 5 min at 37 jC,
the association behavior of the virus with Lubrol- and
Triton-DRMs was different after 60 min incubation at 37
jC. Although there was a further significant increase in
association of the infectious virus with Lubrol-DRMs (up
to 37%) (P < 0.05 compared to either time 0 or time 5),
the amount of infectious particles in Triton-DRMs de-
creased to 11% (Fig. 4D). These differences were also
observed in the association of the viral proteins with
Triton- and Lubrol-DRMs (Fig. 5). Most of the outer
capsid proteins (VP4 and VP7) were localized to DRMst 37 jC. RRV TLPs were adsorbed to MA104 cells for 1 h at 4 jC, and then
or 5 (time 5) or 60 (time 60) min. After the incubation period, the cells were
WX, and analyzed by density gradient centrifugation and SDS-PAGE as
r different experiments carried out is shown. (B) Quantification of rotavirus
ast four experiments is shown, with 100% representing the sum of the signal
ally significant differences (Mann–Whitney U test) between the protein
P. Isˇa et al. / Virology 322 (2004) 370–381376in Lubrol-extracted cells (P V 0.05) (Fig. 5B), although
they were mostly found in the high- or intermediate-
density fractions after lysis with Triton (Fig. 5B). Of
interest is that, whereas the amount of VP4, VP5, and
VP7 associated with Lubrol-DRMs increased to 70% after
60 min of incubation at 37 jC, the virus intermediate
layer protein VP6 remained almost unchanged (Fig. 5B).
The observation that viral proteins and infectious virus
became enriched upon incubation at 37 jC, and are
partially solubilized by Triton, although being resistant
to lysis by Lubrol, suggests that after cell binding, the
viruses interact with Lubrol-DRMs. No changes were
observed in the association of the tested rotavirus cell
receptors upon incubation of cells with virus at 37 jC
(data not shown).Discussion
Rotavirus cell entry is an organized multistep process in
which several sequential interactions between virus surface
proteins and cell surface molecules take place during virus
attachment and post-attachment steps (Lo´pez and Arias,
2003; Me´ndez et al., 1999). Thus, it is reasonable to
assume that, to be efficient, this process requires the
participating cell molecules to be located in close proxim-
ity. Because gangliosides have been implicated as rotavirus
receptors, and cholesterol depletion greatly reduces rotavi-
rus infectivity (Guerrero et al., 2000b; Sanchez-San Martin
et al., 2004), we explored the association of rotavirus
receptors and virus particles with sphingolipid- and cho-
lesterol-enriched lipid rafts, which could potentially func-
tion as platforms to concentrate the molecules required for
virus infection.
All four cellular molecules studied, ganglioside GM1,
integrin subunits a2 and h3, and hsc70, were found to be
partially associated with DRMs. Unlike GM1, which was
enriched in both Triton- and Lubrol-DRMs, the integrin
molecules were only poorly associated with Triton-DRMs
and highly enriched in Lubrol-DRMs. This differential
association of integrins with Triton- and Lubrol-resistant
DRMs could be explained if Lubrol- and Triton-DRMs were
two distinct types of microdomains. Alternatively, the
DRMs isolated with either detergent could be the same type
of lipid microdomain, but the integrin subunits could be
weakly associated with the DRMs, and thus be more
efficiently solubilized by Triton, but not by a milder, less
selective detergent as Lubrol (Schuck et al., 2003). Al-
though we cannot rule out any of these two possibilities,
we favor the existence of two distinct types of rafts because
(a) the Triton-extracted rafts were more sensitive to choles-
terol depletion than the Lubrol-extracted rafts (Fig. 1); (b)
the pattern of proteins present in Triton- and Lubrol-DRMs
was not the same (Fig. 2), and (c) there are several reports
for membrane proteins specifically associated with Lubrol-
DRMs, including prominin (Roper et al., 2000), Apo AI(Drobnik et al., 2002) and the myelin-associated glycopro-
tein (Vinson et al., 2003). In addition, an increasing number
of reports suggest that detergent-resistant lipid domains can
be heterogeneous, having different lipid and protein com-
positions, and which can be isolated by lysing the cells with
different detergents (Drobnik et al., 2002; Madore et al.,
1999; Mairhofer et al., 2002; Roper et al., 2000; Schuck et
al., 2003; Slimane et al., 2003). In these cases, because of
their distinct composition, it has been described that differ-
ent types of DRMs may show differential solubility after
cell lysis with distinct non-ionic detergents. Most DRMs
resistant to lysis by Lubrol have been shown to be solubi-
lized by Triton, although those resistant to Triton are also
resistant to Lubrol (Drobnik et al., 2002; Roper et al., 2000).
With regard to hsc70, only a small fraction of the total
protein was associated with either Triton- or Lubrol-DRMs,
which was not unexpected because this protein has mainly a
nucleocytoplasmic distribution.
The studies that have characterized the association of
integrins with rafts are scarce, but increasing. It has been
recently described that integrin a2h1, which functions as
echovirus-1 receptor, co-localizes with this virus and
caveolin 1 during virus internalization (Marjomaki et al.,
2002). This observation suggests that if integrin a2h1 is
not directly localized in rafts, it could be recruited to them,
if necessary. The direct interaction of integrin a2h1 with
caveolin 1 has also been described in WI-38 cells (Wary et
al., 1998). In addition, evidence for the association of
integrin h1 subunit with rafts in HeLa cells has been
recently provided (Foster et al., 2003). The association of
integrin avh3 with lipid raft microdomains has also been
shown to occur in GMK (green monkey kidney) cells, and
its concentration in these microdomains was shown to
increase upon incubation of the cells with Coxsackievirus
A9 (Triantafilou and Triantafilou, 2003), a virus that uses
this integrin as receptor. The association of integrin sub-
unit h3 with Brij58-resistant cholesterol-enriched micro-
domains has also been described in human ovarian
carcinoma cells (Green et al., 1999). Previous information
about the association of hsc70 protein with DRMs is
lacking, however, other heat shock proteins (hsp70 and
hsp90) have been described to associate with rafts (Foster
et al., 2003; Triantafilou et al., 2002).
To analyze the association of rotavirus particles with
rafts, DRMs were isolated from cells previously incubated
with purified RRV TLPs at 4 jC. A fraction of the
infectious virus particles was found associated with DRMs;
however, the majority of the virus was present in the
soluble fractions of the gradient (Figs. 3 and 4). The
association of the virus with both Triton- and Lubrol-
resistant DRMs was dependent on the presence of choles-
terol, as its depletion from the cell membrane with MhCD
resulted in the lack of interaction of the viral particles with
these microdomains. On the other hand, cholesterol deple-
tion did not markedly affect the association of the viral
receptors with Lubrol-resistant domains, as it was also the
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levels of cholesterol do not completely dissociate Lubrol-
DRMs, but disorganize these lipid microdomains partially,
such that although the viral receptors are present, the virus
particles are unable to maintain stable multivalent contacts
with them. Alternatively, the partial removal of the viral
receptors from Lubrol-DRMs may cause the virus to
dissociate from these membrane domains. The lack of
interaction of TLPs with DRMs isolated from cholester-
ol-depleted cells is in agreement with the observation that
the infectivity of rotaviruses is decreased by more than
90%, in cells treated with MhCD (Guerrero et al., 2000b;
Sanchez-San Martin et al., 2004).
The total amount of infectious virus recovered de-
creased upon incubation of cells at 37 jC (Fig. 4B). The
fact that viral particles were not found in the cell culture
medium suggests that the loss of infectious virus was the
result of the virus entering the cell during the incubation
period, process during which the virus particles uncoat,
loosing its surface proteins, and also the ability to infect
other cells. Alternatively, conformational changes in the
virus surface proteins may result from the interactions of
the virus with its receptor(s), rendering the viral particles
unable to productively infect cells in a second round of
infection.
Of interest is that the fraction of infectious virus detected
in DRMs increased when the cells were incubated at 37 jC,
the permissive temperature for virus entry. After 1 h of
incubation, the fraction of infectious virus associated with
Lubrol-DRMs increased from 7% to 37%. Similarly, the
viral proteins analyzed (VP4 and its cleavage product VP5,
VP7, and the intermediate layer protein VP6) increased in
the light fractions of the gradient after 5 min of incubation at
37 jC, and this tendency was maintained for the association
of the virus surface proteins with Lubrol-resistant domains,
because after 60 min at 37 jC, VP4 and VP7 were found
almost exclusively associated with Lubrol-DRM fractions.
On the other hand, at this time, VP6 continued to be found
both in the soluble and DRM fractions of the gradient. This
differential distribution of rotavirus outer and middle layer
proteins suggests that during cell entry, the virus looses the
surface proteins, which probably remain associated with
Lubrol-resistant domains in the membrane, whereas the
transcriptionally active DLPs, containing the intermediate
capsid protein layer VP6, enters the cytoplasm and become
soluble in detergents.
It has been described recently that cholesterol depletion
results in cell actin reorganization, with the consequent
reduction of the lateral mobility of membrane proteins (Kwik
et al., 2003). Thus, it is important to have in mind that
depletion of cholesterol might affect the entry of rotaviruses
by a mechanism different from the perturbation of lipid rafts,
as it has recently suggested for HIV (Percherancier et al.,
2003) and poliovirus (Danthi and Chow, 2004). However, the
association of rotavirus receptors and of the virus itself with
lipid microdomains, as well as the enrichment of viralproteins and infectious virus in Lubrol-DRMs upon incuba-
tion of cells at 37 jC, strongly suggests that lipid rafts are
involved in rotavirus cell infection.
Based on the results reported in this work, we suggest
that upon cell adsorption, the neuraminidase-sensitive rota-
virus strain RRV binds to a molecule on the cell surface that
is partially associated with DRMs (both Triton- and Lubrol-
resistant), but it is also present in detergent-soluble mem-
brane domains. We hypothesize that the DRM-associated
virus is already in the correct environment to enter the cell,
while the virus initially bound outside rafts become pro-
gressively immersed into these lipid microdomains, proba-
bly through interactions with the post-attachment virus
receptors, reaching the raft environment required for the
virus to productively and efficiently penetrate the cell. After
1 h of incubation at 37 jC, about one third of the infectious
viruses can be found in association with Lubrol-DRMs. It is
of interest that integrin subunits a2 and h3, as well as
protein hsc70, also associate with these domains, supporting
their involvement in post-binding steps of rotavirus cell
entry (Ciarlet et al., 2002; Guerrero et al., 2000a, 2002;
Za´rate et al., 2000a). However, the fact that the virus
receptors and viral particles can associate to DRMs does
not imply that they are necessarily present in the same
individual rafts, and further experiments are needed to more
accurately establish this association.
Rafts have been shown to play a crucial role in the
replication of several different viruses. They are involved in
the assembly and budding of influenza virus (Zhang et al.,
2000), measles virus (Vincent et al., 2000), HIV-1 (Nguyen
and Hildreth, 2000), and rotaviruses (Cuadras and Green-
berg, 2003; Sapin et al., 2002), among others. They have
also been described to be involved in the cell entry of
several viruses, such as SV40 (Chen and Norkin, 1999),
HIV-1 (Popik et al., 2002), echovirus type1 (Marjomaki et
al., 2002), and Coxsackie A9 (Triantafilou and Triantafilou,
2003). Viruses can apparently use different mechanisms for
raft-mediated cell entry. For example, SV40 binds first to its
receptor, which is in flat detergent-soluble membranes, and
then the virus–receptor complex translocates into detergent-
resistant caveolae where it becomes highly enriched after 1
h of incubation (Chen and Norkin, 1999), and it finally
enters the cell by endocytosis (Pelkmans et al., 2001). In the
case of HIV-1, the gp120 protein initially binds to raft-
associated CD4, followed by a horizontal movement on the
cell surface until the HIV-1–CD4 complex associates with
co-receptors (Kozak et al., 2002; Manes et al., 2000). This
interaction results in the entry of the virus through receptor-
mediated membrane fusion, which is believed to lead to a
productive infection (Viard et al., 2002). The cell entry of
rotaviruses might still represent a different raft-mediated
pathway, involving a non-clathrin, non-caveolae endocyto-
sis route (Sanchez-San Martin et al., 2004).
Altogether, the data presented in this work suggest that
detergent-resistant lipid microdomains might play an im-
portant role during the infection of MA104 cells by rotavi-
P. Isˇa et al. / Virology 322 (2004) 370–381378rus strain RRV and could thus represent a platform for the
interaction between the virus and the proposed rotavirus
receptors. The requirement for several cell molecules, which
may need to be present and organized in a precise fashion in
lipid rafts, might explain the marked cell and tissue tropism
of these viruses.Materials and methods
Materials
Lubrol WX was obtained from Serva GmbH; Triton X-
100 was from Roche; iodixanol (Optiprep) was from
Nycomed Pharma (Oslo, Norway); methyl-h-cyclodextrin,
paraformaldehyde, BSA, cesium chloride, PMSF, leupep-
tin, aprotinin, and the cholera toxin B subunit conjugated
with horseradish peroxidase were from Sigma (St. Louis,
MO); rabbit polyclonal antibodies to caveolin 1 and
CD46, the goat polyclonal antibody to h3 integrin subunit,
and the anti-hsc70 monoclonal antibody (clone B6) were
from Santa Cruz Biotechnology (Santa Cruz, CA); the
rabbit polyclonal antibody to a2 integrin subunit
(AB1944) was from Chemicon (Temecula, CA); the
monoclonal antibody HS2 to rotavirus VP4 (Padilla-Nor-
iega et al., 1993) and the rabbit anti-rotavirus polyclonal
serum were produced in our laboratory. Horseradish per-
oxidase-conjugated goat anti-rabbit polyclonal antibody
was from Perkin Elmer Life Sciences (Boston, MA),
horseradish peroxidase-conjugated donkey anti-goat poly-
clonal antibody was from Santa Cruz Technology, and
horseradish peroxidase-conjugated rabbit anti-mouse IgG
and recombinant protein G Sepharose 4B were from
Zymed (San Francisco, CA).
Cells and virus
MA104 cells were grown in Eagle’s minimal essential
medium (MEM) supplemented with 10% fetal bovine serum
in a 5% CO2 atmosphere, at 37 jC. The rhesus rotavirus
strain RRV, obtained from H.B. Greenberg (Stanford Uni-
versity, Stanford CA), was propagated in MA104 cells in the
presence of trypsin (1 Ag/ml) and purified by cesium
chloride gradient centrifugation as described previously
(Za´rate et al., 2000b). Purified TLPs were not further
activated with trypsin before addition to cells.
Detergent treatment and density gradient centrifugation
MA104 cells grown in 150 cm2 flasks were brought to
a single cell suspension as described (Lo´pez et al., 2000).
Cells (1  107) in 10 ml of MEM were incubated with or
without 10 mM MhCD for 1 h at 37 jC, with slow
rotation. After two washes with MEM, the cells were
transferred to a 1.5-ml eppendorf tube on ice. All follow-
ing steps were performed on ice in the cold room. Thepelleted cells were lysed for 20 min in 200 Al of TNC
buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 2 mM CaCl2)
with 1% TX-100 (v/v), or with 1% Lubrol WX (w/v), and
a mixture of protease inhibitors (20 Ag/ml aprotinin, 20 Ag/
ml leupeptin, and 1 mM PMSF). Lysates were then
brought to a final concentration of 40% iodixanol; 600
Al of these samples were placed at the bottom of a
centrifuge tube (SW50.1, Beckman) and overlaid with
800 Al each of 35%, 30%, 25%, and 20% iodixanol in
TNC, followed by 500 Al of TNC. Samples were centri-
fuged for 4 h at 200000  g at 4 jC, and 10 fractions
(430 Al each) were collected from the top of the tubes.
When indicated, the cell surface proteins were biotinylated
before gradient centrifugation, using water-soluble sulfo-
NHS-LC-Biotin (1 mg/ml; Pierce), essentially as described
previously (Lo´pez et al., 2000).
Virus binding assay
A suspension of MA104 cells (5  106) in MEM,
prepared as described (Lo´pez et al., 2000) (treated or not
with MhCD), were chilled on ice, and incubated with
purified triple-layered particles (TLPs) of RRV rotavirus
at MOI of 10 focus-forming units per cell, for 1 h at
4 jC, with gentle rotation. After this time, the cells were
washed twice with cold MEM, and once with TNC, and
finally lysed in 200 Al of TNC containing 1% TX-100, or
1% Lubrol WX, and a mixture of protein inhibitors as
described above. Alternatively, nontreated cells (1.5 
107) incubated with RRV TLPs as described above, were
divided into three separate tubes: one was left on ice,
whereas in the other two, the cold MEM was replaced by
MEM at 37 jC, and the incubation was left to proceed
for 5 or 60 min at 37 jC, with occasional mixing. At
each time point, cold MEM was added, and the cells
were pelleted and left on ice until lysed with the
indicated detergent. To test if rotavirus double-layered
particles (DLPs) also associate with DRMs, 30 Ag of
these particles, which correspond to the amount of TLPs
used in the binding experiments, were incubated with
5  106 of MA104 cells in suspension for 1 h at 4 jC,
and then lysed with detergent as described above, or were
incubated with 1% TX-100 or 1% Lubrol WX cell lysates
of the same amount of cells. After the incubation, the
samples were processed as described above for gradient
centrifugation.
Virus detection in gradient fractions
To detect the infectious virus along the gradient, each
fraction was sonicated twice for 5 s on ice, diluted 1/10 in
MEMwith the addition of 0.05% BSA, and stored at70 jC
until titrated. Viruses were activated with 10 Ag/ml of trypsin
(30 min at 37 jC), and the viral titer in each fraction was
determined by a standard immunoperoxidase focus-forming
assay as described previously (Guerrero et al., 2000b).
P. Isˇa et al. / Virology 322 (2004) 370–381 379Iodixanol, at the concentrations used, did not affect rotavirus
infectivity (results not shown).
Immunodetection of cellular and viral proteins
The same volume of each gradient fraction, either directly,
or after precipitation with methanol/chloroform/distilled wa-
ter as described (Wessel and Flugge, 1984), were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to nitrocellulose mem-
branes (Millipore, Bedford, MA). Membranes were blocked
with 5% nonfat dried milk in PBS and incubated at 4 jC with
primary antibodies in PBS containing 0.1%milk, followed by
incubation with secondary, species-specific, horseradish per-
oxidase-conjugated antibodies. The peroxidase activity was
developed by the Western Lightning Chemiluminiscence
Reagent Plus (Perkin Elmer Life Sciences) following the
manufacturer’s instructions. In some cases, the optical den-
sity of the bands was quantitated using the Phoretix 1D
standard program. To detect ganglioside GM1, samples were
bound directly to the nitrocellulose membranes using a slot
blotter, dried, blocked with 5% milk in PBS, and detected
using horseradish peroxidase-conjugated cholera toxin B
subunit. For detection of biotinylated proteins in DRMs,
equivalent volumes of purified DRMs were separated by
SDS-PAGE, transferred to nitrocellulose membranes, and
revealed by incubation with peroxidase-conjugated strepta-
vidin. To detect specific biotinylated proteins in gradient
fractions, 100 Al of fractions corresponding to DRMs (frac-
tion 2 and 3) or to fractions containing soluble proteins
(fractions 8–10) were mixed, the volume was adjusted to
0.5 ml by addition of TNE buffer (25 mM Tris, pH 7.5, 150
mM NaCl, 1 mM EDTA), and Triton X-100 was added to a
final concentration of 1%. After 1 h of incubation at 37 jC to
dissociate detergent resistant membranes, the samples were
chilled on ice, SDS was added to final concentration of 0.1%,
and integrin subunit h3 was immunoprecipitated using a
polyclonal antibody (Chemicon) and recombinant protein G
Sepharose 4B. Detection of biotinylated integrin was carried
out as described above.
Statistical analysis
The statistical analyses were performed using Statistica
version 6.0 for Windows (StatSoft, Inc). Differences in
percentage of infectivity and protein density were compared
using the Mann–Whitney U test. Comparisons with a P
value of V0.05 were considered statistically significant.Acknowledgments
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